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Abstract 
What happens in a building over the next 100 years? 
In a nutshell, we don't know. These unknown events 
during operation phase, make design decisions in early 
design phases challenging. To guarantee a flexible and 
long-term use of a building, the aim is to build as 
robust as possible. Finding robust building 
configurations is challenging. Therefore, the so-called 
building robustness index (BRI) is introduced. It is 
based on energy demand, thermal comfort and their 
standard deviations between different building 
configurations. As a result, BRI identifies robust 
configurations, showing a promising solution that can 
be transferred to other parametric building studies. 

Introduction 
During the design phase of a building, the aim is to 
ensure flexibility and thus a long-time use of the 
building. However, the boundary conditions will 
change, and it is uncertain what will happen in the 
building during the next 100 years. Brand (1995) and 
Neufert & Kister (2016) emphasize that the space 
layout design and heating, ventilation and air-
conditioning (HVAC) systems are subject to the most 
frequent changes in a building’s life cycle, while 
structure and façade will remain longer. 

In order to design buildings with a long lifespan, it is 
of major importance to find a configuration of 
building parameters that guarantee a robust operation 
even in the event of changes in the building. 
„Robustness means that a design solution entity 
delivers its intended functional requirements under all 
operating conditions (different causes of variation) 
throughout its intended life“ (El-Haik, 2005). In 
buildings, “lack of robustness can be caused by 
hypersensitivity to aberration from the design 
assumptions” (Leyten & Kurvers, 2006).  Therefore, 
not only building performance itself, but also 
quantifying the performance robustness of buildings is 
becoming increasingly important to ensure long-term 
use. (Kotireddy et al., 2019) 

The identification of robust solutions, which offers 
thermal comfort in an energy-efficient way, can be 

challenging and complex, as many input parameters 
must be considered. To support design decisions 
Homaei and Hamdy (2020) propose a robustness-
based decision-making approach, that compares 
performance and robustness. Hoes et al.  (2011) use 
the Pareto front and standard deviations to rank the 
solutions according to their performance robustness. 

In this paper, a new metric that aims to simplify the 
robustness assessment is introduced and exemplified 
with a parametric building study using the presented 
method. Moreover, the objective is to investigate the 
performance robustness in terms of energy efficiency 
and thermal comfort, for a building with uncertainties, 
which result from changes to the interior of the 
building, such as changes in the space layout and 
HVAC system design. 

Methodology 
The method for the multi-criteria robustness 
evaluation using the new metric - Building Robustness 
Index (BRI) - includes the following steps: 

Step 1: Selection of Building Parameters 

Step 2: Parametric Simulation Study 

Step 3: Selection of Evaluation Criteria 

Step 4: Calculation of BRI 

Step 5: Design Decisions based on BRI 

The BRI identifies both the best solution compared to 
performance targets defined by standards and 
regulations and the best alternative from the calculated 
variants in terms of the performance robustness of the 
achieved target in case of changes. 

Step 1: Selection of Building Parameters 

The method to determine the BRI is exemplified with 
a parametric study of an office building. Here, three 
different building parameters are selected to be 
evaluated in terms of their robustness. These 
parameters are the space layout design, or more 
preciscly the position of a meeting room in an open-
plan office, the type of HVAC system and the control 
zoning. Using the method presented, it is possible to 
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determine which configuration of space layout, 
HVAC system and control zoning is the most robust 
solution if one of the parameters changes, such as if 
the meeting room is positioned in a different location 
in the floor plan. 

Step 2: Parametric Simulation Study 

In the study, one floor of an office building in 
Stuttgart, Germany is investigated consisting of 12 
airnodes in the thermal building model. To represent a 
flexible space layout design, a meeting room is 
positioned at 12 different positions (marked with 
position No.1-12 in Figure 1) in an open-plan office 

  
Figure 1: Building model with 12 airnodes 

In addition, three different HVAC system 
configurations are combined with each layout in the 
parametric model. These systems are one all air 
system with a mechanical ventilation (MV) for heating 
and cooling and two radiant systems: a radiant ceiling 
(RC) and a thermally-active building system (TABS).  
Moreover, each HVAC system is investigated with 
different control zoning strategies, where heating and 
cooling can be controlled individually for each zone. 
As illustrated in Figure 2, the zoning types are fine-
grained zoning, core/perimeter zoning, north/south 
zoning and room-based zoning. For all control zoning 
strategies, the meeting room is always considered as 
separate control zone, independent from its position. 
For the configurations with TABS different heating 
curves (HC) are assumed, as shown in Figure 3 and 
the meeting room is considered as separate control 
zone expect for the floor-based zoning with 1 HC.  
Therefore, a total number of 132 configurations are 
simulated in this case study. 

The input parameters of the case study are 
summarized in Table 1. The heating and cooling 
setpoint is defined according to DIN EN 15251 
(2012). The HVAC systems are defined according to 
Gärtner et. al, (2020), where also a more detailed 
summary of the input parameters is listed. 

The parametric simulation study is set up with 
TRNLizard (Frenzel & Hiller, 2014), which is a 
Rhinoceros/Grasshopper plugin that allows a 
parametric modeling and simulation with TRNSYS18 
(Klein, 1979). Performing the parametric simulation, 
results in a large data set from which an appropriate 

solution must be selected for each design scenario, as 
described in the results and discussion section. 

 
Figure 2: Floor plan with control zoning of MV and 

RC; (a) fine-grained zoning, (b) core/ perimeter 
zoning, (c) north/ south zoning, (d) room-based 

zoning 

 
Figure 3: Floor plan with control zoning of TABS; 
(a) room-based zoning with 3 HC, (b) room-based 

zoning with 2 HC, (c) floor-based zoning with 1 HC 

Table 1. Input parameters of case study 
Parameter Value Unit  

Length, width of airnode 7.2  m 

Height of airnode 3 m 

Window type (U-value) 0.837 W/m2K 

External wall (U-value) 0.264 W/m2K 

Infiltration (ACH) 0.1 1/h 

Internal gains: Open-plan office 33.9 W/m2 

Internal gain: Meeting room 75.3 W/m2 

Step 3: Selection of Evaluation Criteria 

To evaluate the performance of each configuration, 
thermal comfort and energy demand are selected as 
evaluation criteria. The thermal comfort violations 
(CV) are calculated according to DIN EN 15251 
(2012). The energy demand for heating and cooling 
are calculated according to Equation 1. 

𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐸𝐸ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

+
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑆𝑆𝐸𝐸𝐸𝐸𝑆𝑆

+ 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒𝑐𝑐 (1) 

𝐸𝐸𝐸𝐸𝐸𝐸 = energy use intensity; 𝐸𝐸ℎ𝑒𝑒𝑒𝑒𝑒𝑒  = heating energy 
demand; 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= cooling energy demand; 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒𝑐𝑐 = 
electricity demand; 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = seasonal coefficient of 
performance; 𝑆𝑆𝐸𝐸𝐸𝐸𝑆𝑆 = seasonal energy efficiency 
ratio.  



                                                                                                                                                   
 
Step 4: Definition of the Building Robustness Index 

The building robustness index (BRI), as defined here, 
can be used for multi-criteria robustness evaluation. It 
considers the overall performance of the building 
parameter configuration, as well as the robustness if 
one of these parameters changes. Moreover, the BRI 
summarizes the resulting data from a parametric 
simulation study and express it in one number. This 
holistic view of the results can be useful to support 
design decisions. 

For each configuration, the resulting data are 
aggregated on a floor level to summarize the results 
for thermal comfort and energy demand. The BRI is 
calculated for each office configuration, with 𝑖𝑖 ∈
{1, … ,𝑛𝑛} being the index for the different 
configurations and 𝑛𝑛 being the total number of 
configurations (𝑛𝑛, 𝑖𝑖 ∈ ℕ), according to Equation 3-6. 
The BRI includes comfort violations (𝑆𝑆𝐶𝐶), energy use 
intensity (𝐸𝐸𝐸𝐸𝐸𝐸) and their standard deviations 
(𝜎𝜎CV,𝜎𝜎EUI), which is calculated according to Equation 
2, for the meeting room and the open-plan office.  

𝜎𝜎 = �
1
𝑛𝑛
�|𝑥𝑥𝑖𝑖 − �̅�𝑥|2
𝑛𝑛

𝑖𝑖=1

   (2) 

𝜎𝜎 = standard deviations, 𝑛𝑛 = total number of airnodes; 
𝑖𝑖 =airnode index;  𝑥𝑥 = value of 𝐸𝐸𝐸𝐸𝐸𝐸 and 𝑆𝑆𝐶𝐶; �̅�𝑥 = mean 
value of 𝐸𝐸𝐸𝐸𝐸𝐸 and 𝑆𝑆𝐶𝐶 for all airnodes. 

The BRI is defined as a dimensionless quantity and 
scales the value for each variable to the same order of 
magnitude, by dividing each variable by a reference 
value, as defined in Equation 7-14. Thus, the 
robustness can be quantified by a value between zero 
and one, while one represents the most robust 
configuration. In Equation 6 the result of 𝑥𝑥𝑖𝑖 is 
normalized to a range between zero and one and the 
BRI is defined. 

To calculate the values for the open-plan office, the 
mean value of the results of all airnodes located in it 
are used, with a total number of 11 airnodes. It should 
be noted that if more than one airnode is located in the 
meeting room, also the mean value of the results of all 
airnode in the meeting room should be used in the 
calculation. 

𝑥𝑥𝑀𝑀𝑀𝑀,𝑖𝑖 = �
𝑆𝑆𝐶𝐶
𝑆𝑆𝐶𝐶ref

+
𝜎𝜎CV
𝜎𝜎CV,ref

+
𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸ref

+
𝜎𝜎EUI
𝜎𝜎EUI,ref

�
MR

∙ 𝑤𝑤MR 
(3) 

𝑥𝑥𝑐𝑐𝑜𝑜𝑜𝑜𝑖𝑖𝑐𝑐𝑒𝑒,𝑖𝑖 = �
𝑆𝑆𝐶𝐶
𝑆𝑆𝐶𝐶ref

+
𝜎𝜎CV�����
𝜎𝜎CV,ref

+
𝐸𝐸𝐸𝐸𝐸𝐸�����
𝐸𝐸𝐸𝐸𝐸𝐸ref

+
𝜎𝜎EUI������
𝜎𝜎EUI,ref

�
𝑐𝑐𝑜𝑜𝑜𝑜𝑖𝑖𝑐𝑐𝑒𝑒

∙ 𝑤𝑤office 

(4) 

𝑥𝑥𝑖𝑖 = 𝑥𝑥𝑀𝑀𝑀𝑀,𝑖𝑖 + 𝑥𝑥𝑐𝑐𝑜𝑜𝑜𝑜𝑖𝑖𝑐𝑐𝑒𝑒,𝑖𝑖   (5) 

𝐵𝐵𝑆𝑆𝐸𝐸𝑖𝑖 = 1 −
𝑥𝑥𝑖𝑖 − 𝑚𝑚𝑖𝑖𝑛𝑛{𝑥𝑥𝑖𝑖}

𝑚𝑚𝑚𝑚𝑥𝑥{𝑥𝑥𝑖𝑖} −𝑚𝑚𝑖𝑖𝑛𝑛{𝑥𝑥𝑖𝑖}
   

𝑤𝑤𝑖𝑖𝑤𝑤ℎ 𝐵𝐵𝑆𝑆𝐸𝐸𝑖𝑖 ∈ [0, … ,1] 

(6) 

𝐵𝐵𝑆𝑆𝐸𝐸 = building robustness index; 𝑆𝑆𝐶𝐶 = thermal 
comfort violations; 𝐸𝐸𝐸𝐸𝐸𝐸= energy use intensity; 𝜎𝜎CV = 
standard deviation of comfort violation; 𝜎𝜎EUI= 
standard deviation of energy use intensity; MR = 
meeting room; office = open-plan office; ref = 
reference value; 𝑤𝑤MR = weighting factor for the 
meeting room; 𝑤𝑤office = weighting factor for the open-
plan office.  

The reference values for CV are defined according to 
the CV limits from DIN EN 15251 (2012), as 
described in Equation 7-8. The reference values for 
EUI are defined according to the reference values for 
an office building with medium energy efficiency 
(BBSR, 2019), as described in Equation 11-12. 
Moreover, the reference values of the standard 
deviations are defined as 5 % of the reference values 
for CV and EUI, according to Equation 9-10, 13-14. 
For this definition it is assumed that a building 
configuration can be called “robust” if the standard 
deviation for all configurations is less than 5 % of the 
mean value of the corresponding variable. This 
indicates that the range in which the values lie are 
small compared to the mean value for all 
configurations, thus the variations are low.  

It should be noted that the reference value influences 
the weighting of the individual parameter in the BRI. 
Moreover, the BRI as proposed here does not 
differentiate between comfort violation due to 
overheating and undercooling of the space. In 
addition, it only considers the total EUI and not the 
heating and cooling energy demand in each airnode. 

𝑆𝑆𝐶𝐶ref,MR = 𝑆𝑆𝐶𝐶limit,MR  (7) 

𝑆𝑆𝐶𝐶ref,office = 𝑆𝑆𝐶𝐶limit,office  (8) 

𝜎𝜎CV,ref,MR = 𝑆𝑆𝐶𝐶𝑟𝑟𝑒𝑒𝑜𝑜,MR ∙ 0.05 (9) 

𝜎𝜎CV,ref,office = 𝑆𝑆𝐶𝐶𝑟𝑟𝑒𝑒𝑜𝑜,office ∙ 0.05 (10) 



                                                                                                                                                   
 

𝐸𝐸𝐸𝐸𝐸𝐸ref,MR =  
𝐸𝐸ref,heat,MR
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

+
𝐸𝐸ref,cool,MR
𝑆𝑆𝐸𝐸𝐸𝐸𝑆𝑆

+ 𝐸𝐸ref,elec,MR 

(11) 

𝐸𝐸𝐸𝐸𝐸𝐸ref,office =  
𝐸𝐸ref,heat,office

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
+
𝐸𝐸ref,cool,office

𝑆𝑆𝐸𝐸𝐸𝐸𝑆𝑆
+ 𝐸𝐸ref,elec,office 

(12) 

𝜎𝜎EUI,ref,office = 𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑒𝑒𝑜𝑜,MR ∙ 0.05 (13) 

𝜎𝜎EUI,ref,office = 𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑒𝑒𝑜𝑜,office ∙ 0.05 (14) 

𝑆𝑆𝐶𝐶 = thermal comfort violations; 𝐸𝐸𝐸𝐸𝐸𝐸= energy use 
intensity; 𝜎𝜎CV = standard deviation of comfort 
violation; 𝜎𝜎EUI= standard deviation of energy use 
intensity; MR = meeting room; office = open-plan 
office; ref = reference value.  

Results and Discussion 
Table 3, presented in the appendix, shows the results 
for the building robustness index (BRI) with the data 
generated in the case study. The higher the value of 
the BRI, the better are the results for thermal comfort 
and energy efficiency of the office space design 
configuration compared to the investigated variants 
and the lower are the deviation of these results if a 
parameter changes. Thus, a high BRI indicate a high 
robustness and overall performance. 

In Table 3, the columns show the different HVAC 
system configurations and their control zoning 
strategies, and the rows show the different space 
layout designs. Separately, for each HVAC system, 
the colors indicate the configurations with a high BRI 
(marked in green) and the configurations with a low 
BRI (marked in red). For the space layout design No. 
1, No. 4, No. 9 and No.12, the meeting room is located 
in a corner area of the floor, for the design No. 6 and 
No. 7, it is located in a core area and for all other 
designs, it is located in a perimeter area. In addition, 
the meeting room and the open-plan office are equally 
considered in the calculation with the weighting factor 
0.5. 

Step 5: Design Decisions using BRI 

The building robustness index can be used for design 
decisions that need to be done during different life 
cycle phases, such as for conceptual design or interior 
renovations. In Table 2, the design scenarios used for 
the case study are listed. The arrows, in Table 3 mark 
how this table can be used for the design decisions that 
are based on the BRI.  

Table 2. Design scenarios 

 Life cycle 
phase 

Space 
layout  

HVAC 
system  

Control 
zoning  

No. 1 Conceptual 
design Variable Variable Variable 

No. 2 Operation/ 
renovation Variable Fixed Fixed 

No. 3 
Operation 
/retrofitting 
(HVAC) 

Fixed Variable Variable 

Design Scenario No. 1 

In the conceptual design phase, none of the 
investigated parameters are fixed already. Therefore, 
the aim is to select a configuration with the overall 
highest BRI. In this case, the configuration with TABS 
with three heating curves (HC) and layout No. 9 
results in the highest BRI. However, all other layouts 
for this HVAC system design result in a high BRI, too. 
This indicated that for TABS with three HC the space 
layout is flexible and thus this configuration is robust.  

Design Scenario No. 2 

During an interior renovation, such as when new 
tenants move into an office space, the space layout 
design must be adjusted. However, the HVAC system 
usually remains unchanged. Thus, a suitable space 
layout needs to be selected. In Table 3, the column 
should be considered as fixed and the configuration 
with the highest BRI in the row should be selected. 
This procedure is indicated with a blue arrow. 

As an example, for configurations with a mechanical 
ventilation system (MV) and a fine-grained zoning, 
the most robust operation will be guaranteed with the 
space layout design No. 5, where the meeting room is 
located at the south façade. However, space layout 
design No. 10 and No. 11, where the meeting room is 
located at the east facade result in high BRI, too. The 
space layout design No. 4, where the meeting room is 
located in the north/west corner, results in the lowest 
BRI and should be avoided.  

In general, for configurations with radiant ceilings 
(RC), the space layout design is very flexible, because 
the BRI varies only slightly for the different 
configurations. However, the space layout design with 
the meeting room located in the corner should be 
avoided, because only lower BRI values are reached 
here. 

Design Scenario No. 3 

If the HVAC system needs to be retrofitted, usually 
the space layout design is already fixed and a suitable 
system and control zoning needs to be selected. This 
procedure is indicated with a red arrow in Table 3. For 
all space layout designs, the highest BRI is reached 
with TABS with three HC, especially if the meeting 
room is located in a corner area. Apart from that, RC 



                                                                                                                                                   
 
with room-based zoning is the second-best choice for 
all space layout designs.   

All BRIs for configurations with MV are lower than 
for the configurations with RC or TABS, independent 
from the space layout design and control zoning 
strategy. Therefore, an MV system is not 
recommended if robust performance of the office 
space is to be achieved. 

Applicability of the Building Robustness Index  

In summary, the case study shows that the building 
robustness index (BRI) is an effective way of 
evaluating robustness and performance of office 
spaces in different design scenarios.  

It is noted that, the BRI is defined in such a way that a 
value of one indicates an “absolute robustness”, i.e. 
the exact same values for thermal comfort and energy 
demand would be obtained independent of the office 
space configuration. This situation is mainly a 
hypothetical one, not likely to be fulfilled in reality. 

In addition, the calculated values for the index are 
based on the results for the office space designs for the 
building in this case study and should therefore not to 
be used as absolute values for comparison with other 
buildings. Furthermore, other studies could use 
different values for the weighting factors and 
reference values to investigate different aspects of the 
office space design. 

Despite such modifications, the general methodology 
presented here, which can be described as reducing a 
large amount of data to a single index, is 
recommended to make decisions based on results from 
a large-scale parametric simulation study. In other 
words, the introduced building robustness index is a 
way to reduce complexity and to evaluate the data 
based on a user-defined weighting of the results. 

Conclusion 
As a result, the proposed method simplifies the 
robustness assessment and enables to consider the 
robustness of building configurations in different 
design decisions by simply comparing one metric.  

Moreover, in the presented case study, the building 
robustness index (BRI) shows an effective way to 
determine which configuration of building parameters 
must be selected to achieve a robust solution in terms 
of energy efficiency and thermal comfort. 

Therefore, the BRI offers a promising solution that can 
be transferred to other parametric building studies in 
which different design questions and variable building 
parameters are investigated, such as the selection of 
building materials. 
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Table 3: Building robustness index (BRI) for each office space design 

with woffice =0.5 and wMR = 0.5 

MV= mechanical ventilation; RC= radiant ceiling; TABS= thermally-active building system; FG= fine-grained 
zoning; CP= core/perimeter zoning; NS= north/south zoning; RB= room-based zoning; HC= heating curve(s) 
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